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I. INTRODUCTION 

The emergence of mesoscopic physics has lead to the 
discovery of many striking new phenomena in solid state 
physics in the last two decadesA. This field is also inti- 
mately related to the progress in fabrication techniques: 
the possibility of creating objects of sub-micron size has 
allowed to fabricate and manipulate conductors which 
are fully coherent. 

In solid state physics, one usually considers macro- 
scopic systems. This term often refers to the notion of 
the thermodynamic limit: the number of particles N and 
the volume of the system fl both tend to infinity whereas 
the ratio n = N/Q, is kept constant^. This idea is also 
closely related to the physical size of the system: the 
sample is considered as macroscopic as soon as its size 
is larger than some characteristic length, for example the 
typical distance between two particles, n -1 / 3 . Below this 
size, the system is said to be microscopic. 

It is well known from our daily experience that macro- 
scopic objects obey classical mechanics, whereas micro- 
scopic ones are governed by quantum mechanics. This 
dichotomy between microscopic and macroscopic behav- 
ior is quite familiar: small particles exhibit wave-like at- 
tributes and they must be described by quantum me- 
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chanics that allows for wave behavior like diffraction or 
interference. Electrons have been observed to interfere 
in many experiments in vacuum. However, if one consid- 
ers a large number of electrons in a disordered medium, 
like a macroscopic piece of metal at room temperature, 
the conductivity is described in a classical way via the 
Boltzmann equation which leads to the Drude formula. 

The question is then: is it possible to observe the wave- 
like behavior of the electrons in a solid? Actually, the 
characteristic length which is relevant is the length over 
which the electronic wave keeps a well defined phase, 
namely the phase coherence length 1$. This phenomenon 
is well known in optics: incoherent light can not give rise 
to interference patterns. 

At room temperature, the phase coherence length of 
an electron in a metal is of the order of a nanometer, 
roughly the n -1 / 3 factor mentioned above. However, at 
low temperature, let us say below 1 K, this phase coher- 
ence length increases and may reach several micrometers 
in metals or even more than 10 micrometers in highest 
quality semiconductor heterojunctions. Combined with 
the progress of fabrication techniques, this allows to ob- 
serve the quantum behavior of the electrons in solids. It 
should be stressed that a micron size sample is in a sense 
really macroscopic when compared to microscopic scales 
(for example the inter-atomic distances) : if a mesoscopic 
sample behaves like a large molecule to some extent, it 
still contains a rather large number of atoms and elec- 
trons (more than 10 20 ). However, as the electronic wave 
function is fully coherent over the whole sample, this sam- 
ple is really a quantum conductor^. 

It is important to point out that the physics of such 
a system is completely different from the physics of 
free electrons in vacuum. First, as we said, the sam- 
ple is macroscopic, and some notions, reminiscent from 
the standard solid state physics, are still relevant: the 
Fermi wave length, Fermi level, Fermi velocity or chemi- 
cal potential still make sense; more important, the energy 
spectrum is discrete, or, at least, the inter-level spac- 
ing A w L~ d , where L is the size of the system and 
d the dimensionality, may become comparable or even 
smaller than the temperature T. Secondly, disorder is 
still present in solids at the micron scale: thus, the elec- 
tronic wave propagates in a random medium and its elec- 
tronic motion is still diffusive. 

It is often tempting to make analogies between in- 
terference phenomena in mesoscopic physics and optics. 
Such a comparison may sometimes be appropriate: for 
example, the Young slit experiment and the Sagnac ef- 
fect are very similar to some transport experiments on 
mesoscopic rings like the Aharonov-Bohm conductance 
oscillations^*^ or the quantization of the conductance 
which may be understood in the light of the theory of 
waveguides^.. There are, however, two important differ- 
ences: first, electrons are fermions, and this obviously af- 
fects strongly the energy spectra of mesoscopic samples 
and consequently their transport and thermodynamic 
properties; secondly, electrons are charged particles and 



couple to the vector potential of the electromagnetic field. 
This provides a powerful tool to control interference ef- 
fects simply by applying a magnetic flux. 

This article is organized as follows: in the first part, 
we will give the fundamental length scales which are im- 
portant in mesoscopic physics. We will then give an 
overview of the different materials commonly used in this 
field. In the second part, we will present a comprehensive 
overview of the different fabrication techniques. Finally, 
the third part is devoted to the thermodynamics of theses 
mesoscopic systems. 

II. MESOSCOPIC SYSTEMS 
A. Mesoscopic samples 

1. Characteristic lengths 

a. Mean free path A mesoscopic sample is a disor- 
dered sample: even at zero temperature, electrons are 
scattered by static defects like impurities, grain bound- 
aries or the edge of the sample. Such events are elas- 
tic scattering in the sense that their energy is conserved 
during the collision. The disorder just acts like a static, 
random potential which adds to the lattice potential. In 
such a system, Bloch states are no more eigenstates, but 
the system is still hamiltonian. It should be pointed out 
that the translational invariance of the crystal lattice is 
destroyed by such defects, but this usually does not af- 
fect the electronic properties of the system. The typical 
length associated with these scattering processes is l e , of- 
ten called the mean free path. The time associated with 
these collisions is r e and they are related via the relation 
l e = vft c , vf being the Fermi velocity. 

On the contrary, other collisions are inelastic in the 
sense that the energy of an electron is not conserved. 
Such processes are irreversible and are related to the cou- 
pling of the electrons with their environment, i.e. other 
electrons, phonons or photons. The inelastic length is 
given by l in = mhL{l e ^ e ,l e _ photon ,l e ^ phonon }. At high 
temperature (typically above 1 K) , the dominant mech- 
anism is electron-phonon scattering. At low tempera- 
ture, however, the dominant process is electron-electron 
scattering 2 * 3 -. 

Another important source of decoherence is electron 
photon scattering. This is especially the case in microm- 
eter size samples, where small dissipation (10 -15 Watts) 
is sufficient to heat the conduction electrons at very low 
temperatures. Extreme care should therefore be taken 
for external radio-frequency filterin g 10 ' 11 ' 12 when work- 
ing in the millikelvin temperature range. 

b. Phase coherence time After an inelastic scatter- 
ing event, the energy of the electron changes, and the 
phase of the wave function is randomly distributed be- 
tween and 2ir; thus, the quantum coherence is lost and 
the phase coherence time is mainly limited by the in- 
elastic time, w Ti n . It is important to note, however, 
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that elastic scattering also leads to dephasing: the wave 
vector k changes to k' after such a diffusion; elastic scat- 
tering implies only that |fc| = \k'\, but there is a priori 
no condition on their respective directions. The point 
is that this dephasing is perfectly deterministic and re- 
producible: two successive electrons with the same wave 
vector k will be scattered and dephased in exactly the 
same way, which could be calculated, if the scattering 
potential were known. The phase coherence is thus pre- 
served, and interference effects are not destroyed. On the 
contrary, inelastic scattering depends on the state of the 
environment the electron interacts with at the time of the 
interaction. In this case, the dephasing is random and the 
phase coherence lost. This is why, at room temperature, 
the dominant scattering process is the electron-phonon 
scattering, and the phase coherence length is very short, 
typically 1$ « 1 — 10 nm. In the frawework of Fermi 
liquid theory, the available phase space at low temper- 
taure tends to zero. As a consequence, electron-electron, 
electron-photon and electron-phonon couplings all tend 
to zero and hence, the phase coherence length should 
diverge^. Recent experiments, however, seem to show 
that this is not the case. Presently, there is still an ongo- 
ing debate concerning this point, and we will not address 
this issue in this article^. 

Finally, it is important to mention magnetic impuri- 
ties. As they are static defects at low temperature, scat- 
tering by magnetic impurities is elastic as the energy of 
the electron is conserved. However, the electronic spin 
is flipped in such a collision, and the phase coherence 
may be lost. The exact effect of magnetic scattering on 
the phase coherence time, especially when entering the 
Kondo regime, is far from being understoo d 15 ' 16 ' 17 . In 
this article, we will not elaborate on this point and con- 
sider only systems containing no magnetic impurities. 

c. Thermal diffusion length and the Thouless energy 
At distances beyond the elastic mean free path l e , elec- 
trons propagate in a random medium. This diffusive na- 
ture of the movement is characterized by the diffusion 
coefficient D = \vF 2 T e = \vpl e where d is the dimen- 
sionality of the sample. To propagate over a distance 
L, an electron then needs a diffusion time = L 2 /D. 
In a semi-classical picture, each diffusion path I is char- 
acterized by a probability = \^>i\exp(iSi/h), where 
Si = J t kdl — Eti with E being the energy of the electron 
and ti the diffusion time along the path I. Over the whole 
sample of size L, this diffusion time is then simply To- 
ll one considers an energy range larger than 2-kH/td, the 
phase of the electrons in this energy range will be dis- 
tributed between and 2ir, and interference effects will 
not be observable anymore. This defines the Thouless en- 
ergy (or correlation energy) E c = H/td = hD/L 2 . When 
the energy range involved is larger than E c (e. g. when 
kgT > Ec), interference effects do not disappear, they 
are simply no more observable^. If the size of the sam- 
ple is smaller than l e , the time for an electron to travel 
across the sample becomes simply L/vp, and the Thou- 
less energy simply expresses as E c — hvpjh. 



2. Disorder configurations 

In a macroscopic sample, one usually characterizes the 
disorder by some characteristic length, say the elastic 
mean free path l e . Such a parameter is relevant when 
considering the disorder from a "global" point of view. 
From a mesoscopic point of view, things may be quite 
different: the electronic wave functions are fully coherent 
over the whole sample, and the acquired phase depends 
on the precise path one electron follows. Thus the in- 
terference pattern depends on the microscopic disorder 
configuration of the sample. Moving even a single im- 
purity affects drastically the electronic properties of the 
sample. That is why two samples identical from a macro- 
scopic point of view may behave in a completely different 
way, due to their microscopic individuality (their finger- 
prints). This phenomenon is equivalent to the speckles 
observed when a coherent light beam diffracts in a ran- 
dom medium. 



3. Quantum coherence and the effect of AB flux 

The most important parameter that physicists can use 
to probe a mesoscopic sample is the magnetic flux. As 
an electron is a charged particle, it couples to the vector 
potential A (the momentum changes as p — > p + eA in 
the hamiltonian, with e the charge of the electron) even 
if the magnetic field B is zero (B = V x A = 0). Note 
however that as the field is zero, or at least very weak 
in all the experiments 1 , the effect of the magnetic field 
on the trajectories of the electrons is negligible. When 
propagating along a path i, the wave function \& acquires 
a phase simply given by S = J i (fc(r) + eA(r))df. The first 
term is simply the equivalent of the optical path, whereas 
the second one characterizes the quantum coupling of the 
charge with the magnetic flux. This shows how applying 
a small magnetic field can indeed control the interference 
pattern of a mesoscopic sample^. There is no equivalent 
of such a possibility in optics: this is a powerful way to 
play with the quantum, wave-like nature of the electrons. 



B. Materials 

1. Ballistic vs diffusive vs localized 

The different length scales for a mesoscopic sample are 
the Fermi wavelength Xf, the elastic mean free path l e 
and the size of the sample L. The ratio between Xf and 
l e characterizes the strength of the disorder: for Xf <C l e 
(or, equivalently, kpl e > 1 or h/r e <C Ep), the disorder 



Except in the case of the Quantum Hall Effect, that we will not 
address in this article. 
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is said to be "weak", whereas for k F l e "C 1 the disorder is 
said to be "strong". 

Considering the ratio between these different length 
scales, one can distinguish different regimes for a meso- 
scopic sample. 

a. Ballistic regime (Xp <C l e and L < l e ) 

In this regime, the disorder is very weak and the elastic 
mean free path is of the order of the size of the sample. 
In this case, the phase coherence length is mainly limited 
by electron-electron collisions. The trajectories of the 
electrons is mainly governed by the shape of the sample, 
implying that the reflections at the edges of the samples 
are specular. In this case, transport properties as well as 
equilibrium properties depend on the shape of the sam- 
ple. Such systems are powerful tools to probe the energy 
spectra of quantum billiards. 

b. Diffusive regime (Xf "C l e *C L) 

In such systems, electrons experience a large number 
of collisions during the traversal of the sample. Their 
movement is rather a brownian motion, a random walk 
between impurities. The phase coherence length is then 
given by 1$ = ^JDt^. In this regime, the exact shape of 
the sample does not affect its electronic properties; only 
its size is relevant. 

c. Localized regime In the case of a strong disorder, 
Anderson has suggested that each electron is confined 
in a part of the sample and can not travel through it: 
its wave function is exponentially decreasing on a length 
scale £ and the electron is localized in a domain of size 
£ d with d the dimensionality of the sample, and the sam- 
ple becomes an insulator—. For d = 3, there is a critical 
value for the disorder below which the sample becomes 
insulating and one observes a metal to insulator transi- 
tion. For d = 1 and d — 2 on the other hand, electrons 
are localized for an arbitrary small disorder 2 -. Recent ex- 
periments, however, show that there is indeed a metal to 
insulator in some two dimensional electron gas. As both 
the experimental and theoretical situation are at least 
unclear, we will not address this topic in this article 2 ^. 

Two limits are then to be considered 2 : when £ -< L, 
electrons are confined in some regions of the sample, and 
conduction occurs by hopping from domain to domain. 
On the other hand, when £ >- L, localization domains are 
larger than the sample: electrons are indeed localized but 
they can still explore the whole sample. 



2. Dimensionality 

One defines the dimensionality of a sample by com- 
paring its size with the intrinsic characteristic lengths 2 ^. 
Usually, the most relevant length scale is the Fermi wave- 
length. Considering a rectangular sample of sizes L x , L y 



and L z , with L x -< Ly -< L z , one has: 

Xf <C L x -< Ly -< L z : 3D (bulk samples) 

L x < X F < L y -< L z : 2D (films) 

L x -< L y < Xf -C L z : ID (quantum wires) 

L x ~< L y -< L z < Xf ■ D (quantum dots) 

Such a definition is certainly the most relevant from 
a microscopic point of view. Note however that when 
considering transport properties, and due to the quantum 
nature of a mesoscopic conductor, one can also define the 
dimensionality of a sample by comparison with the phase 
coherence length: 

1$ «L X -< L y -< L z : 3D 
L x < If < L y ~< L z : 2D 
L x <Ly<l<p<^L z : ID 

3. Metals 

Metals have a high charge carrier density of about 
10 22 cm -3 . Because of this high carrier density, the Fermi 
wavelength is very short, in the range of the Angstrom. 
Moreover, it is impossible to use gates to modulate this 
electron density (too important voltage would be neces- 
sary in the case of metals) . Another consequence is that 
the Coulomb interaction is very efficiently screened on 
the scale of the Thomas-Fermi vector, qx F = 2ne 2 /po, 
with po the carrier density at the Fermi level. Even if 
metals can be very pure from a chemical point of view, 
the intrinsic disorder usually makes them diffusive con- 
ductors. The elastic mean free path l e is of the order 
of 1 — 100 nm, and the phase coherence length 1$ in the 
order of the micrometer 3 . 

At low temperature, some metals become supercon- 
ductors. This provides a new degree of freedom, and 
a wide variety of mesoscopic effects. In particular, the 
superconducting state is quite different on a mesoscopic 
scale as compared to its macroscopic equivalent. 

4- Semiconductors 

a. Bulk semiconductors In semiconductors, the car- 
rier densities can range practically between 10 14 cm~ 3 
and 10 19 cto -3 . Moreover, this density can be controlled 
using metallic gates deposited at the surface of the sam- 
ple, or simply by varying the doping concentration. 

In the case of very pure semiconductors, eg those ob- 
tained by Molecular Beam Epitaxy (MBE), the elastic 
mean free path is basically limited by the distance be- 
tween two doping impurities. This leads easily to l e of 



2 Note that one always has £ > l e . 



3 In extremely clean metals, obtained by Molecular Beam Epitaxy 
(MBE), the phase coherence length can reach ~ 20fim at best. 
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w 100 nm, whereas Z^, is of the order of several microme- 
ters. Finally, another important difference between met- 
als and semiconductors is that in the latter, the effective 
mass of the electrons, which is related to the band struc- 
ture, can be very small. 

b. Heterojunctions To reduce the dimensionality of 
a conductor, one may reduce the thickness of the film 
itself. However, it is quite di?ficult to obtain real two 
dimensional conductors on the scale of the Fermi wave- 
length A_f. An alternative way consists in playing with 
the band structure of two different semiconductors. Us- 
ing the impressive control of growth offered by the Molec- 
ular Beam Epitaxy (MBE), it is possible to grow two 
different semiconductors on top of each other, espe- 
cially if their lattice parameters are matched 2 ^. The 
most common example is GaAs and GaAlAs (III-V het- 
erostructures) , but there also exist II- VI heterostructures 
(CdTe/HgCdTe) or even IV-IV heterostructures (SiGe). 

The different band structure, mainly the energy gap 
and the work function 4 , causes changes in the charge 
transfer between the two adjacent materials in order to 
equalize the electrochemical potentials. Electrons are 
attracted to the remaining holes and the dipole layer 
formed at the interface leads to the band bending at the 
vicinity of the interface. True two-dimensional electron 
(or hole) gas at the scale of Xf can be formed using this 
technique^ 5 -. 

The spatial separation between charge carriers and 
doping impurities leads to very high mobility materi- 
als 5 . The electronic density is typically in the range of 
10 11 cm -2 , leading to a relatively large Fermi wavelength, 
of the order of 300 . This large Fermi wavelength allows 
to create easily true ID or 0D structures. Moreover, the 
use of electrostatic gates on the top of the sample allows 
to deplete the 2D electron gas underneath. Using this 
technique, one can modulate in situ and in a reversible 
way the shape of the 2D electron gas, allowing to create 
a wide variety of quantum devices, like quantum wires or 
quantum dots 2 ^. Moreover, the edges defined by electro- 
static gates are by far less rough than those produced by 
etching techniques. 



III. SAMPLE FABRICATION TECHNIQUES 
A. The size to reach 
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FIG. 1: Sem A typical flowchart for a fabrication process. 



size is not the ultimate goal since the roughness of the 
edge may play an important role. In metals, the Fermi 
wavelength Xf is very short and the roughness is always 
much larger than the Fermi wavelength. But in semicon- 
ductor samples, where Xf can be several tens of nanome- 
ter, the roughness can be of the same order. In this case 
one wants the edges to be defined with a precision much 
smaller than . As discussed in the previous paragraph, 
the dimensionality of the sample depends strongly on the 
physics involved. For interference effects, the phase co- 
herence length is the characteristic length which is of 
the order of lnm at low temperature for a good metal 
and more than 10/im for high quality 2DEG. So typi- 
cally one wants to be able to fabricate samples with a 
width smaller than lOOnm for metal structures and a few 
hundred nanometers for semiconducting ones. 



Typically one wants to be able to taylor samples with 
a size smaller than one micrometer. But the smallest 



B. Nanofabrication technique 



For example in GaAlA a 26 i 27 , the gap E g varies linearly with the 
concentration of aluminium as E g = 1.424 + 1, 247a; ? 300 K, x 
being the concentration in aluminium. Moreover, the mismatch 
in the lattice parameter does not exceed 0, 3%. 
The highest mobility achieved in GaAs/GaAlAs 
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' V 1 s 1 are currently achieved in this material. 



First of all, let us recall a standard process flow. Fig- 
ure[T]resumes the main steps one must follow. The start- 
ing material is the substrate, that can be the system one 
wants to pattern or just a flat and neutral surface used 
as a support. By spinning, the substrate is coated with 
a layer of resist. 

The resist is a material sensitive to irradiation. After 
exposure, the resist is developed and the exposed (non 
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exposed) area will be cleared off for the case of positive 
(negative) resist. A rich variety of processes can be done 
after the lithography. A commonly used process is the 
lift-off technique. In this case one covers the whole pat- 
terned substrate with a metal for instance. The resist 
is then completely removed by rincing it with a strong 
solvant. Only the part which had been previously pat- 
terned will be covered by the metal, so to say one has 
replaced the design on the resist by a solid pattern made 
of metal. This metal can be just the structure wanted or 
can be used as a mask for a subsequent etching process. 
Other processes can also be used such as ion implanta- 
tion, electrochemical growth etc. 



C. Optical lithography 

Optical lithography is the dominant lithography in in- 
dustry. With this technique UV light is shed through a 
mask, which contains the drawing information, on a re- 
sist. The resolution is mostly limited by the diffraction 
and hence depends on the wavelength of the light. This 
explains why short wavelength are employed. Optical 
lithography which started with UV (400nm to 366nm) 
is now in the DUV range (248nm to 193nm) and EUV 
(13nm) is the next predicted range. DUV lithography 
can reach the sub lOOnm range but with a complexity 
and costs which are too high for any scientific laboratory. 
For instance, the complexity of masks which use phase 
shift techniques to overcome diffraction make them dif- 
ficult and hence very expensive to produce. Only mass 
production can afford such high costs. Refractive op- 
tics are presently not available in the EUV range. The 
fabrication of reflective optics at this wavelength is also 
very delicate and it is hopeless that this technique will be 
unexpensive for laboratory use. Classical optical lithog- 
raphy, on the other hand, which use quartz plate mask 
directly pressed onto the resist with a standard DUV 
light is not able to produce sample with a sub lOOnm 
resolution. 



D. Electron beam lithography 

The possibility to finely focus an electron beam has 
been exploited in electron microscopy since long time 
ago. Starting in the sixties, focused electron beam has 
been used to expose a resist and a O.l^m resolution was 
readily obtained. Ten years later, a lOnm wide line was 
demonstrated using an inorganic resist. Unfortunately 
this technique is essentially sequential: the electron beam 
is scanned pixel by pixel on the resist to draw the entire 
design, hence the process is too slow to be included in 
an industrial processes. It is on the other hand the per- 
fect technique for the laboratory. An advantage of this 
maskless technique is its versatility. The drawing can be 
easily changed on a computer with no additional cost. 
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FIG. 2: Sem Monte Carlo simulation of electron trajectories 
in Silicon substrate covered with PMMA at 10 keV and 20 
keV. After refill. 

In the following we detail the electron beam lithog- 
raphy to explain the resolution and limitations of this 
technique. 



1. Resolution and proximity effect 

Most of the resists employed in nanotechnology are 
polymers. The effect of the electron is to break the chain, 
hence leaving a polymer with a small chain giving a bet- 
ter solubility. This resist is then sensitive to a very small 
energy compared to the one of the electron beam. Typi- 
cally one needs 10 eV to break a polymer chain whereas 
for technical reason the focused electron beam is acceler- 
ated at several tens of kilovolts. It is then important to 
know how the electrons diffuse into the resist and loose 
their energy in order to understand how the resist is af- 
fected. 

An analytical treatment is quite complex, especially in 
three dimensions. Monte Carlo simulations are widely 
used to follow the electron trajectory. Figure [2] shows 
electron trajectories obtained for electrons with energies 
of lOkV and 20kV in a silicon substrate covered with 
400nm of PMMA resist. The effects of electron diffusion 
is twofold: first, a forward diffusion which enlarges the 
spot in the resist is observed. Secondly, a backscattering 
diffusion, mainly from electron diffused in the substrate 
back into the resist but far from the initial impact of the 
electron, takes place. This latter effect, known as prox- 
imity effect, has important consequences as we will see 
later. The energy of the beam is quite important as can 
be seen in figure [2l higher energy decreases the forward 
scattering angle and shrink the effective beam spot. On 
the other hand, the electron penetrates more deeply into 
the substrate as their energy increases and are backscat- 
tered at larger distance from the impact. In other words, 
higher energy dilutes the proximity effect. This is the 
reason why recent electron beam machines use a lOOkV 
source. 

The total dose received by the resist at one point de- 
pends on the exposed dose at that point, but also on 
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FIG. 3: Sem Resolution and sensitivity of various organic 
resists positive and negative for electron beam lithography. 
PolyMethylMetAcrylate (PMMA) is presently the best or- 
ganic resist and is most widely used in scientific laboratories 
around the world. An example of sub 10 nm lines of PMMA 
with a 50 nm pitch is shown in figure [4] 



the vicinity around this point. Hence a large square uni- 
formly exposed, for instance, will be more dosed in the 
center than on the edge. It is also very difficult to ex- 
posed two large patterns close to each other. The gap 
between these two patterns being exposed by proximity, 
may result in an unwanted connection between them. Ar- 
rays of lines with a very small pitch are also very difficult. 
It is possible, however, to correct the dose at each point 
by calculating the proximity effect of the overall pattern. 
Softwares have been developed for that purpose, but can- 
not completely cure the effect of the diffusion, since it 
may require a negative dose at certain points! 

The problem of proximity effect arises from the sensi- 
tivity of organic resist to small energies. It is thus natural 
to try to use resist which needs higher energy to be ex- 
posed. This is the case of inorganic materials e. g. NaCl, 
AgF 2 , AI2O3,... Such inorganic resist have been used to 
demonstrate the finest lines obtained by e-beam lithog- 
raphy, around lnm. The beam energy in that case gives 
rise to the partial or total sublimation of the resist. For 
instance on A1F 3 , the electron energy evaporates Fluor 
leaving a layer of Aluminium. Hydrocarbon films have 
also been used where under irradiation a polymerisation 
takes place. In most cases, the dose necessary to expose 
these type of resists is orders of magnitude higher than 
with conventional resist. The total time to expose the 
pattern can reach non reasonable values. Furthermore, 
this type of resist can be used only with thin layers which 
enable any lift-off process. Another possibility to avoid 
proximity effect is to use a very small energy. In this case, 
however, it is very difficult to focus the beam in conven- 
tional electron optics due to chromatic aberration. An- 
other drawback is the forward scattering which rapidly 
enlarges the beam in the resist. 



FIG. 4: Sem The image shows an example of sub lOnm lines 
with a 50nm pitch^. 



Figure [4] shows the best resolution obtained with dif- 
ferent organic resists and the dose needed with e-beam 
lithography. One should keep in mind that the maxi- 
mum current available in an e-beam system with a small 
spot size (less than lOnm) is about lOOpA with a field 
effect gun source. This means that exposing an area of 
100/imx 100/im at a nominal dose of 10 -1 C/s takes more 
than 27 hours! 

An electron microscope with a computer assisted de- 
flection system is the basic tool for e-beam lithography. 
It is enough to make simple patterns in a single field. 
The available field size depends on the desired resolution. 
Lens aberrations induce severe distorsions at the edge of 
the field which depend on the field size. With a con- 
ventional microscope, a 50^mx50^m is usually the max- 
imum size one can afford to produce sub lOOnm struc- 
tures. The nanostructure has then to stand within a sin- 
gle field since there is no possibility to displace the sample 
holder with enough accuracy to stitch with the previous 
writing field. The stability of the electron column is also 
a problem for long time exposure. Dedicated machines 
have been built to overcome the difficulties mentioned 
above with conventional electron microscopes. They in- 
clude a laser interferometry controlled stage with an ac- 
curacy better than lnm to measure mechanical displace- 
ment. A feedback to the electron deflection is usually 
chosen for the field alignment. The overall field stitching 
accuracy is of the order of 20nm. Using patterned marks 
on the sample it is also possible to align several layers of 
lithography. The mark detection system combined with 
the laser interferometry allows also to calibrate the de- 
flection amplifier and to correct field distorsion. It is 
simply done by moving a mark at different positions in 
the field. The exact position of the mark is known using 
the laser interferometry and is compared to the position 
of the mark obtained by deflecting the beam. All these 
essential features explain that there is at least one order 
of magnitude in the price of such a machine compared to 
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FIG. 5: Sem 8nm line in GaAs produced using a 20kV Gallium 
focused ion beam. After ref.— . 



a standard electron microscope. 



E. Other charged particle lithography 

Focused ion beam lithography arose rapidly after elec- 
tron beam lithography as a good candidate for nanofab- 
rication. Ions offer several advantages compared to elec- 
trons: first they deliver very quickly their energy and 
consequently a much smaller dose is necessary. Secondly 
the throughput is much better and the proximity effect 
is much smaller. In addition, ions can directly erode the 
material and is a resist free process which can be very 
interesting for materials which are sensitive to pollution 
by organic materials. 

In this etching mode by varying the dose, it is also 
possible to produce three dimensional structures: the 
paradigm of nanofabrication. Finally, at higher energy 
one can locally implant atoms. On the other hand, ion 
lithography did not take an important place among the 
nanofabrication techniques. The major reason is the dif- 
ficulty to produce fine spots with enough current and 
a good stability. Recent progress in ion optics and ion 
source technology succeed in producing sub lOnm spot 
sizes with a particle density sufficient for etching. Figure 
[U shows an 8nm line produced by such high resolution 
ion system^. 



F. Near field techniques 

Shortly after their discovery, near field technique have 
been used to produced nanostructures. The ultimate res- 
olution has been obtained by the IBM group who wrote 
the acronym of their company using Xenon atoms with 
a scanning tunneling microscope (STM)™. But such 
nanostructures are unfortunately very volatile. STM can 
also be used in a more conventional way as a source of 
focused electrons. Indeed the size of the electron spot of 



a STM is approximately on the order of the sample to tip 
distance and a lOnm spot size can readily be obtained. 

Exposure of resist is complicated by the fact that most 
of the resist is non conducting. Another problem due 
to the proximity of the tip to the resist is the swelling 
of the resist under irradiation that can damage the tip. 
STM lithography is more used without resist by electro- 
chemical process. For instance, it is possible to remove a 
group of atoms by applying a pulse on a gold surface^. 
Local oxidation is also an electrochemical process that is 
widely used with atomic force microscopy (AFM) lithog- 
raphy. The native water film on the surface of a sample 
at room temperature is the medium for this anodization 
process. In GaAlAs/GaAs samples, it is possible for in- 
stance to locally oxidize the surface and the oxide forma- 
tion destroys the two dimensional electron gas beneath. 
Several mesoscopic structures have been produced with 
this technique^. Another example is the use of Niobium 
which can be anodized^. One of the advantage of this 
technique is that, using a small voltage on the tip, one 
can visualize the structures obtained at higher voltage. 
Usually one is limited to a small writing field because of 
the hysteresis of the piezo-displacement. In most cases 
this technique is combined with other techniques like op- 
tical lithography. The possibility of visualization, with 
the AFM in the non writing-mode allows for the align- 
ment of the two steps. 



IV. PERSISTENT CURRENTS: THEORETICAL 
ASPECTS 

Usually, one considers transport properties of quantum 
conductors, measured by connecting voltage and current 
probes to the sample. In this case, however, two impor- 
tant properties of such a measurement must be pointed 
out: 

• First, the strong coupling between these voltage 
and current probes certainly affects the quantum 
properties of the sample and thus the measurement 
itself. 

• Secondly, in a transport experiment, one only 
probes an energy range eV around the Fermi en- 
ergy, with e being the electron charge and V the 
applied voltage. That is why one can not access 
the entire energy spectrum 

It is therefore very interesting to deal with the equilibrium 
properties of mesoscopic samples. It has to be stressed, 
that such experiments in the field of mesoscopic physics 
are by far much more difficult than transport experi- 
ments. This is why there is only a very small number 
of experimental data available. 

The existence of persistent currents has been first sug- 
gested by London in 1937—, in his studies on the diamag- 
netism of aromatic rings (benzene rings). In 1938, Hund 
suggested that such an effect could be present in clean, 



metallic samples at low temperature^. The amplitude 
of the persistent currents has been first calculated by 
Bloch and Kulik in the case of a clean, ID rin g 39 ' 40 , but 
their existence in a real, diffusive 3D metallic ring has 
only been predicted by Biittiker, Imry and Landauer— 
in 1983. 

It is important to note that the persistent current we 
are considering here is a non-dissipative current flowing 
in a non- superconductor ring. Another interesting point 
is that persistent currents and orbital magnetism are two 
phenomena completely equivalent from a physical point 
of view. Only the geometry of the sample makes one 
term or the other more "intuitive". 



A. A simple picture: the ID ballistic ring 

The simplest model for the persistent currents is the 
case of a pure, ID metallic ring, without disorder. Al- 
though somewhat "academic", this example allows to 
present the main idea of the problem. Let us consider a 
ring of perimeter L pierced by a magnetic flux $. We take 
the ring to be smaller than the phase coherence length 
Icj, and we neglect its self-induction. The hamiltonian for 
the electrons of the rings is then simply given by: 

1 

P 



n = 



2m 



eA 



V{r 



(1) 



where ~p is the momentum of the electron, e its charge, 
A the vector potential, and V(r) the periodic potential 
of the lattice. A simple gauge transformation A => A + 

A.dl ) , leads to the hamiltonian of free electrons 



V 

Wo = p 2 /2m + V, whereas a phase is added to the wave 
function * : => 9(x) exp (ie/K J^.~dl^j. This 

wave function then obeys the new boundary conditions 4 ^: 
i - , , , $ 

$>{x+L) = ®(x) exp 



A.dl = *(x)exp 2in 



$o 
(2) 

where $o = h/e is the flux quantum. These boundary 
conditions also lead to a new quantization for the wave 
vector: k = 2ir/L(n + $/<i>o)- 

It should be noted that in this case, the boundary con- 
ditions can be controlled simply by varying the magnetic 
flux. Moreover, such boundary conditions show that 
wave functions, eigenenergies as well as any thermody- 
namic property of the system are periodic with magnetic 
flux J3 , with periodicity $o = h/e. 

In analogy with known results on Bloch's states, one 
can define a velocity for each energy leve l 41 ' 42 ? 43 ! 44 ; 

_ 1 de n _ Lcten , s 

Vn ~ Kdk ~ e d<p [ ' 

This velocity is equivalent to a current which is given by: 

■ - _£!^. - de n 

4n ~ L ~ 8ct> 



(4) 




<t>AD. 







FIG. 6: Energy spectrum of a pure, ballistic one-dimensional 
ring as a function of the magnetic flux. 



At zero temperature, the net current is then simply 
the sum of the currents carried by the N levels: 



in 



N 

£« 

n=0 



N 

E 

71 = 



de r , 



dE(N, $) 
Ihf> 



(5) 



where E is the total energy of the N electrons of the 
ring. However, as can be seen on figure[6l two consecutive 
levels carry two currents of the same amplitude, but of 
opposite sign: the net current is then simply given by 
the last occupied level^, i. e. the Fermi level. We thus 
obtain for the amplitude of the persistent current: 



evp 



(6) 



In this expression, Vp/L is simply the time needed for an 
electron to perform one turn around the ring. It should 
be noted that this expression can be rewritten as a func- 
tion of the Thouless energy 1ivf/L: 



Io 



evF 



Iivf e 



El 
4>o 



(7) 



It should be stressed that the persistent current de- 
pends strongly on the number of electrons in the ring 
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and on its parity, both in amplitude as well as in sign: 
for N even, the current is paramagnetic, whereas for TV 
odd, it is diamagnetic 6 . 

This very simple approach for the pure ID ring allows 
to give a good estimate for the order of magnitude of the 
persistent current. Moreover, the main features, such as 
the dependence on the parity of the number of electrons 
remain true, even in the more realistic 3D, disordered 
ring. 



B. Realistic ring 

1. Introduction 

In this section, we will consider the case of diffusive, 
3D rings. As we have stressed above, each sample is 
unique due to its specific disorder configuration. To take 
into account this unicity, we will consider a large number 
of rings, which is equivalent to averaging over disorder 
configurations: one obtains the average current. As we 
will see, this average current is measured in many rings 
experiments. Fluctuations from this average value are 
also of interest, as they are accessible experimentally: 
this is called the typical current. This typical current is 
a good approximation of the current measured in single 
ring experiments. 

Another important property of the 31? case is the spec- 
tral rigidity. In ID, we have seen that two successive en- 
ergy levels have opposite slopes. In 3D, two successive 
levels repel each other: this correlation between energy 
levels leads to a correlation in the slopes of the energy 
levels 4 ^, as can be seen in figure [7l The slopes of two 
successive levels are almost identical, and this correla- 
tion extends over an energy range corresponding to the 
Thouless (or correlation) energy E c . In other words, it is 
necessary to explore an energy range E c to find a level of 
opposite slop o 47 i 48 . An important consequence of that is 
that the sign of the persistent current still depends on the 
number of electrons, but one has to add E c /A electrons, 
with A being the mean level spacing, to reverse the sign 
of the persistent current. 



2. Non-interacting electrons 

a. Average current The calculation of the average 
current 50 raises an interesting problem of statistical 
physics. In an experiment on many rings, the number 
of electrons in each ring is fixed, whereas the chemical 
potential fx is not. We are thus dealing with the canon- 
ical ensembl e) 51 ' 52 . This point is very important, as it 
has been shown that the persistent current calculated in 



1 This is the case for aromatic rings: for benzene (N 
example, the persistent current is diamagnetic. 
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FIG. 7: Energy spectrum of a real, three dimensional diffusive 
ring as a function of the magnetic flux (after ref.— .) 



the grand canonical ensemble (/i fixed) is exponentially 
small, I « exp(— L/2l e ). 

On the other hand, the calculation in the canonical 
ensemble can be related to the calculation in the grand 
canonical ensemble, which is much easier to perform 1 . 
The canonical average persistent current is given by^: 



In) = - 



d<I> 



d(Q) 



N 



(«) 



where N is the number of electrons, T the free energy, 
f2 the grand potential and <£> the magnetic flux. With fi 
being the sample and flux dependent chemical potential, 
one can then expand the expression ((8|) as a function of 
5fjt(4>) = fJ,((f>) — (fi) where (//) is flux independent: 



d(Q) 



d(Q) 



(M> d( t> d P 



(9) 



(10) 



The first term is simply the grand canonical current, 
which is exponentially small, and will be neglected. The 
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term d(fl)/dp corresponds to the number of electrons. 
Using the relation 8[i = —SNdp/dN]^ we obtain: 



(I 



N/ 



dp 

on 



SN 



dN 



(11) 



where 



is the level spacing. Finally, one 
obtains^^'S 7 -^: 



(12) 



The number of electrons is simply given by: N = 
I- eF p{z)de. The fluctuation in the number of electrons 
is given by: 

(Wl) = ((N-{N)f) 

= ([ (p(e)-po)de [ (p(e')-p )de') 

[ «p(e)p(e')> - Pi) dede' 

rO 



/u mj 
/ K (e, e^ctecfe' 
-ep J —ep 



where K(s, e') is the two point correlation function of the 
density of states. The average current is then given by: 

a d r° r° 

(In) = -y^ J _ e J £ Kie^e^dede' (13) 

It has been shown^ that the spectral form factor K(t) 
can be related to the return probability to the origin 

P(t) = P(r,r,t): 



*(*) = i <P (*) 



which leads to: 

(In) 



A d 



P(t) 



t 



dt 



(14) 



(15) 



This return probability contains two terms: the first one 
is flux independent and will be ignored. The interference 
term Pint (t) can be expressed as a function of the winding 
number of the different trajectories m: 



Pint(t)= P m (t) cos ( 47rm— 

m=— oo x 

Inserting this into equation [TH one obtains: 

P m (t) 



(I 



N 



2Af . / 4, \ r 

> msm Airm — / 

^00^ V <f>o J Jo 



t 



(16) 



dt (17) 



Knowing the expression for P m (t): P m {t) = 
(-^i^r) , one finally obtains^: 

(In) = —— / sin 47rm— I exp —m— I (18) 
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This current has a periodicity of $o/2 and is param- 
agnetic for small magnetic flux. It should be stressed, 
however, that the amplitude of this current is of the or- 
der (In) ~ A/(/>o. Taking a level spacing of 100 pK (for 
a metallic ring with a typical radius of one micrometer) , 
one obtains a current in the range of the pA. Such a 
current would certainly not be measurable and is by far 
much lower than the experimentally observed value. 

6. Typical current The typical current It yp is de- 
fined as the fluctuations around the average current^ -: 



Hyp 



= (i 2 ) (if « v^y 



Starting from the expression for the current: 



T--— - — 



,0 

/ ep(e,^)de 

J-E F 



(19) 



(20) 



one obtains: 
Ityp ~ (I ) 



d__d_ '■" 

<9$ 9$' j_ E] 

l-E F 



ee'(p(e, $)p{e', $')> de ^) 



Performing a Fourier transform 7 and using again the 
relation [14l one obtain a 53 ' 59 : 



r 



I 1 



(23) 



where P" nt denotes the second derivative of Pint with 
respect to $. Using the equation lfl6|). one finally obtains: 



90 



Hyp 



(2ttY V0o 



M 2 y^ J_ 

/An / * J 711 3 



1 + m- + im 2 (L/l^) 2 



K24) 



sin" 2 [ 2Ttm^— I exp I —m^- (]25) 

7>o/ V trf 



Keeping only the first harmonic, and assuming 1$ <C L, 
we find for the typical current^: 



96 E c 



Hyp 



2tt 



E c 
1.56— 



(26) 



This current is <J> periodic. It should be noted that 
the amplitude is again of order E c /$>q. This result can 
be rewritten as It yp oc E c /$>q oc e/ro cx evp/L ■ l e /L, 
where Td is the diffusion time. As derived in paragraph 
IIV Al the typical current is hence simply given by the 
time needed for an electron to perform one turn around 
the ring. 



7 We have omitted the classical part of P which does not depend 
on the flux. 
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c. Extensivity One important property of the typi- 
cal current is the fact that its amplitude increases only as 
VNr, where Nr is the number of rings, since the typical 
current is given by the fluctuations around the average 
value. 

On the contrary, the average current, such as any aver- 
age value, grows simply as Nr. This has been extensively 
studied in the case of conductance oscillations 5 ^, but is 
also true for thermodynamics properties. 



3. Interacting electrons 

Motivated by the first experimental observations, 
where a much larger amplitude of the persistent current 
has been obtained than theoretically predicted, electron- 
electron interaction have been recognized as an important 
contribution to the persistent current. The calculation 
is made in the Hartree-Fock approximation, and one as- 
sumes a screened Coulomb interaction 37 , U (r — r ') = 
U2D&{r — t '), with U2D = 2ne 2 /qTF, <Ztf being the 
Thomas-Fermi wave vector. In the Hartree-Fock approx- 
imation, the total energy E reads 6 ^: 

E = E °-J-^J n2 ^ d r ( 27 ) 

where E is the total energy for the non-interacting elec- 
trons. Given that 8 n(r) = 2 f£ p(r, u>) dui , one finds for 
the interaction contribution to the average current: 

3E d f 

(28) 

Again, this integral can be expressed as a function of 
Pit): 



(he) = - 



Ufa d 

7T 9$ 



t 2 



dt 



(29) 



Indexing by m the winding number of the trajectories, 
one obtains finally^ 3 -: 



(lee) = 16^— A — X 



+oc 1 



m— 1 



sin Airm- 



exp 



(30) 
(31) 



with po being the average density of states at the Fermi 
level and A = Upo the interaction coupling constant. 
In the simple limit 1$ <C L, and considering only the 
first harmonic, one finds an average current of the order 
E c /$ , a result obtained in the simple model of the para- 
graph [TVA] It should be noted that this current is much 



larger than the non-interacting current calculated in the 
paragraph IIV B 21 Another interesting point is that the 
prefactor is proportional to the interaction parameter U : 
this implies that the sign of the average current depends 
on the attractive or repulsive nature of the interaction. 
Finally, it should be stressed that this result is indepen- 
dent of the statistical ensemble: coulombian interactions 
fixes locally the electron densit y 56 ' 61 , leading to this in- 
sensitivity to the statistical ensemble. Calculations in- 
cluding exact coulombian interactions lead to somehow 
unclear results 6 ^> 6 £> 6 -£> 6 £ 

We should also mention that the fluctuations of the 
persistent current (the typical current) are much larger 
than its average value (even when including the interac- 
tion term): y/ (I 2 ) 3> (/). However, the typical current 
for Nr rings varies as \ZN~r, whereas the average cur- 
rent varies as Nr: for few (or single) rings experiments, 
the $0 periodic typical current dominates, whereas for 
a large number of rings, the signal is dominated by the 
$0/2 periodic average current. 

Finally, it should be stressed that the calculation of the 
typical current is made only for non- interacting electrons. 
Attempts to include coulombian interaction o 69 ' 70 ' 71 are 
more difficult to perform and interpret. 



V. EXPERIMENTAL RESULTS 

A. Orders of magnitude 

Due to the experimental difficulty, only few experimen- 
tal studies on persistent currents are available. In the fol- 
lowing we will give a review of these experiments. There 
are two distinct sets of experiments: first the many ring 
experiments which have been carried out on a very large 
number of rings. Secondly, the single ring experiments. 
Both kind of experiments have been performed on met- 
als and semiconductor heterojunctions. More recently, 
experiments have been carried out on a small number of 
rings. 

Let us recall briefly the order of magnitude for the 
typical and average current. The typical current, for Nr 
rings, is given by: 



vp V V 1 2ir L L 




whereas the average current is given by: 

(-0 



16 A Ec N 
— \ — Nr 

2tt <po 



(33) 



The coupling constant A, when taking into account all 
the orders of the interactions, is typically of the order 
10 _1 . This gives for the average current: 



The factor 2 takes into account for the spin. 



(I) 



(34) 
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The average current, even when taking into account 
coulombian interactions, is one order of magnitude lower 
than the typical current. 

In a metal, the Fermi velocity is of the order of 
10 7 ms _1 whereas for semiconductors, it is typically 
10 5 tos -1 The elastic mean free path in a metal is typ- 
ically 20 nra and about 10 [im in a heterojunction. For 
Nr rings of radius 2 (im, one obtains: 

• For metals: 

Ity P » 0.3 ^/Nr [nA] « 430 ^/Nr. \pL B ] (35) 

(/) « 0.05 N R [nA] » 70 N R [fi B ] (36) 

E c k 60 mK (37) 

• For semiconductor heterojunctions: 

Ityp » 2 V^Vfl M » 2700 0Vfl [Ms] (38) 

(I) » 0.5 7V fl [nA] » 670 JV fl [/is] (39) 

£ c re 380 miT (40) 

For single or few rings experiments, the signal is dom- 
inated by the typical current, whereas for many rings 
experiments, it is the average current which is measured. 
However, in all cases, the signal to be measured is rather 
small, and such experiments are always an experimental 
challenge. 

In all the experiments performed up to now, the signal 
detected is the magnetic flux generated by the persis- 
tent currents. Basically, two different techniques have 
been employed: first the dc SQUID, either a macroscopic 
(standard) one 7 ^ or an on-chip micro-SQUiD^ 3 -. The sec- 
ond one involves an RF resonator that allows to detect 
at the same time both the magnetic flux generated and 
the "conductivity" of isolated rings. 

B. Many rings experiments 

In many rings experiments, at least when the number 
of rings is very large, the measured physical quantity is 
the average current, as it grows like the number of rings. 
These experiments are also easier to perform, as one deals 
with a "macroscopic" object, and hence the detector is 
simpler to design. 

1. Metallic rings 

The first experimental observation of the existence 
of persistent currents has been performed by Levy and 
coworkers on a network of 10 7 copper rings 7 ^ as shown 



□ □ □ 

□ □ □ 



FIG. 8: Sem picture of a part of the sample used in the 
experiment of ref.—. It consists of an array of 10 7 copper 
squares, of perimeter 2.2 jj,m. After ref.—. 

in figure [H In this experiment, the rings were squares 
of perimeter 2.2 jj/rn, which gives $o ~ 130 G 9 and the 
phase coherence length was much larger than the perime- 
ter of the rings. 

The signal is detected using a commercial dc SQUID. It 
is crucial to eliminate the contribution due to magnetic 
impurities from the signal of the rings. For that purpose, 
the authors used the non-linearity of the signal coming 
from the persistent currents: the magnetic field is mod- 
ulated at low frequency and the signal is detected as the 
second and third harmonic of the magnetic response. The 
procedure is repeated at several values of the magnetic 
field. 

The experimental data are reported on figure [9l The 
signal displays clear oscillations as a function of the mag- 
netic field, with periodicity $0/2. The amplitude of the 
persistent current, deduced from the magnetic response, 
is OAnA per ring, corresponding to 3 • 10 -3 evF / L per 
ring. This result, although somehow larger than pre- 
dicted, is in relatively good agreement with theory taking 
into account electron electron interactions. 

In this experiment, the determination of the sign of 
the magnetic response relies on some assumptions for 
the data processing. In the paper, the authors stated 
a diamagnetic response at zero field. This result is quite 
surprising as it would correspond to an attractive inter- 
action, which is quite unlikely in a metal like copper. On 
the other hand, this sign has been confirmed by a recent 
experiment on silver rings 7 ^. 



9 The sample specific parameters in this experiments were: l e = 
20 nm; E c = 80 mK 
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B (Gauss) 

FIG. 9: Dependence of the second and third harmonic of the 
response of the squid as a function of the magnetic field. In 
this experiment, $o corresponds to 130 G. Both harmonics 
show clear oscillations as a function of the magnetic field, with 
a periodicity <&o/2. After ref.—. 



2. Semiconductor rings 

Another experiment has been performed on a large 
number of rings in a semiconductor heterojunction^. 
The rings were 10 5 squares of mean perimeter 8 fxm (cor- 
responding to <I>o ~ 10G) 10 . In such semiconductor 
rings, the level spacing A is of the order of 25 mK , much 
higher than in metallic rings where it is of the order of 
10 fiK . In this experiment, the experimental tech- 
nique to detect the persistent current is somewhat differ- 
ent than the technique used in the experiment by Levy 
et al. Instead of measuring the dc magnetic response of 
the rings, the authors study the ac response of the rings 
to an rf excitation. Using this technique, they measure 
the ac complex conductance of the rings, from which they 
deduce the persistent currents. 

The quantity measured in this experiment is the mag- 
netic susceptibility of the rings, x(uj) = x'( w ) + l x"{ UJ )- 
The complex ac conductance of the rings is then deduced 
by x{uj) oc iluG(uj). At low frequency 11 , the imaginary 
part of G(cj) is just proportional to the derivative of the 
persistent current with respect to the flux. 

The magnetic susceptibility is measured using a res- 
onating technique. The resonator consists of a meander 
strip-line on top of which the rings are deposited. The 



10 the sample specific parameters in this experiment were:( e =3 fim; 
E c = 200 mK, = 8/Ltm. 

11 In this experiment, the characteristic frequency is given by the 
inverse of the inelastic mean free time r-~ . 



Sjifii MuJU i ]30uJ» :.-.n 




FIG. 10: Optical photograph of the sample used in the ex- 
periment of^. It consists of an array of 10 5 GaAs/AlGaAs 
rings. On the top of them, one can see the niobium meander 
stripe-line used as the resonator. Reprinted from ref.—. 



meander, open at both ends, is made of 20 cm of su- 
perconducting niobium. The fundamental frequency of 
the resonator is 380 MHz. The shift in the resonance 
frequency and the variations of the quality factor are 
proportional to the imaginary and real parts of the ac 
complex conductance of the rings. 

The experimental conductance (see figure [TT]) shows 
h/2e oscillations, as expected for experiments on many 
rings. However, the amplitude found for the persistent 
current, on the order of 1.5 nA per ring, is almost an or- 
der of magnitude larger than predicted. More surprising, 
the measured signal implies a diamagnetic zero field per- 
sistent current, i. e. an attractive interaction between 
the electrons. Again, such an attractive interaction is 
very unlikely in this two-dimensional electron gas. 

It should be noted, however, that in such an experi- 
ment, the frequency is quite close to the level spacing. 
This may affect the response of the rings and makes a 
direct comparison with the experiment by Levy et al. 
somewhat difficult. 



C. Single rings experiments 

Single ring experiments are a true experimental chal- 
lenge. In such experiments, it is the typical current 
which is detected, as it is roughly one order of magnitude 
larger than the average current for one ring. It should 
be stressed, however, that as the average current is an 
extensive quantity in contrary to the typical current that 
varies like s/Nr, the signal to be detected in a many rings 
experiment is orders of magnitude larger than the signal 
to be detected in a single ring experiment. 
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FIG. 11: Derivative of the resonance frequency of the res- 
onator used in ref.—. The linear background (dotted line) is 
due to the diamagnetism of niobium. Superimposed on this, 
one clearly sees the h/2e periodic signal due to the persis- 
tent currents in the rings(solid line). The inset shows the 
Fourier transform of the signal at two different temperatures. 
Reprinted from ref.—. 



1. Metallic rings 

The first single ring experiment has been performed 
by Chandrasekhar et al 77 on a single gold ring. In 
this experiment, three different samples have been mea- 
sured: two were rings of diameter 2.4 fim and 4.0 fim, 
and the third one was a rectangle of dimensions 1.4 \xm x 
2.6 /jm 12 . 

The experimental setup consists of a home made minia- 
ture dc SQUID. The SQUID, itself has a sensitivity of 
6 • 10~ 8 $o- The pick-up loop consists of a counter wound 
niobium loop in order to minimize the sensitivity to the 
static background field. To maximize the coupling be- 
tween the pick-up coil and the sample, both have been 
fabricated on the same chip, and the coil is deposited 
around the gold ring (see figure [T2|) , Moreover, the field 
coil consists of a niobium line deposited around the ring. 

In this experiment, the authors detect the modulation 
of the flux measured by the SQUID as a function of the 
magnetic field, which is swept over a few <&o. The mag- 
netic field is modulated at low frequency (« 4 Hz), and 
the signal detected at / and 2 /. The background signal 
is subtracted numerically using a quadratic form and the 
amplitude is extracted from the Fourier transform (power 
spectrum) of the data as a function of the magnetic field 
(see figure fl3|) . 




(b) 



1 /jm 



FIG. 12: a) Schematic picture of the sample used for the 
experiment of ref. 77 , displaying the counter wound niobium 
pick-up loop, the field coil and the gold ring, b) Sem picture 
of the ring. The white part is a corner of the pick-up loop. 
Reprinted from ref.—. 
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Ij, = 12 fim; l e ps 70nm in this experiment. 



FIG. 13: a) First harmonic of the response of the dc squid as 
a function of the magnetic field, b) Same data after subtrac- 
tion of a quadratic background, c) Second (2 /) harmonic of 
the response of the dc squid after subtraction of a quadratic 
background, d) Power spectrum of the data displayed in b). 
One clearly observes a peak at hie frequency. Reprinted from 
rrfA 



As a result, the author found a persistent current with 
$0 periodicity and an amplitude of 3 ± 2 nA, 30 ± 15 nA 
and 6 ± 2 nA for the three samples investigated, whereas 
the theoretical values are 0.09 nA, 0.27 nA and 0.25 nA 
respectively. Obviously, the measured signal is 30 to 150 
times larger than expected. Different arguments have 
been invoked to explain this discrepancy. It should be 
noted, however, that the observed signal is of the order 
evp/L, i. e. the signal one should find for a ballistic 
ring (l e « L). On the other hand, it is very unlikely that 
gold rings behave as ballistic rings, and the theoretical 
explanation of this experimental observation remains an 
open question. 

The sign of the persistent current is quite difficult to 
determine in such a single ring experiment. The authors 
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claim that the samples studied showed a paramagnetic 
signal. A clear statement, however, as stressed by the 
authors is difficult due to the few samples measured and 
due to the extreme experimental difficulty. 



2. Semiconductor rings 

Another experiment has been performed by Mailly and 
coworkers on a single, isolated ring, etched into a semi- 
conductor heterojunctionZ&. In this case, the signal is 
expected to be larger than in metallic rings as the elas- 
tic mean free path is much larger compared to the latter 
case. 

The ring has been etched into a two dimensional elec- 
tron gas at the interface of a GaAs-GaAlAs heterojunc- 
tion. The mean perimeter in this sample is on the order 
of 6 fim which corresponds to $o ~ 10 G) 13 . 

An important advantage of semiconductors is the pos- 
sibility of using gates on the sample. This allows to mod- 
ify in situ the geometry of the sample simply by applying 
a dc voltage to the gates. In this experiment, the authors 
used two different gates (see figure [T4|) : the first is used 
to separate the ring from the reservoirs. The presence 
of these ohmic contacts allows to measure at the same 
time the conductance and the persistent current oscilla- 
tions, and hence to check the electronic temperature and 
the coherence of the electrons in the ring. The second 
gate is evaporated on top of one arm of the ring. By po- 
larizing this gate ("open" ring), one can suppress all the 
interference effects in the ring, both the Aharonov-Bohm 
oscillations and the persistent currents. This allows to 
perform a "zero" measurement, equivalent to measuring 
the SQUID with no ring. The advantage is that this can 
be made on the same sample. Moreover, the subtraction 
of the signal obtained with the ring "closed" and "open" 
allows to experimentally suppress the background signal 
of the detector. 

In this experiment, a sophisticated on-chip micro- 
SQUID technique has been employed. With such a design, 
no pick-up coil is needed: the SQUID itself is deposited 
exactly on the top of the ring. This has two major ad- 
vantages: first, the absence of a pick-up coil reduces the 
inductance of the setup. Secondly, and most important, 
in such a geometry, the coupling between the ring and 
the squid is basically optimal, as the squid has exactly 
the same shape as the ring. The SQUID is actually de- 
signed as a gradiometer, consisting of two counterwound 
loops in order to compensate the externally applied static 
magnetic field (see figure [14]). The two Josephson junc- 
tions are made using Dayem microbridges, evaporated 
at the same time as the second level of the gradiometer. 
For a detailed description of the miro-SQUiD gradiometer 
technique, we refer the reader to the reference^. 



13 l e ss 10 fim;l^, ss 25 fim; E c y 1 K in this experiment 




FIG. 14: Sem picture of the sample used in ref.— . 
1) GaAs/GaAlAs ring (dashed line). 2) and 3) gold gate used 
to isolate the sample from ohmic contacts and to suppress the 
signal. 4) Gold calibration loop. 5) First level of the micro- 
SQUID gradiometer containing the two Dayem microbridges on 
the right. The picture has been taken before the evaporation 
of the second level of the miro-SQUiD gradiometer. Reprinted 
from ref.—. 



The measurement consists in sweeping the magnetic 
field over several <£>o and recording the critical current 
of the SQUID. This is made successively for the "closed" 
and "open" ring. The signal is then obtained by taking 
the Fourier transform of the difference between the two 
measurements. The noise is evaluated at the same time 
by taking the Fourier transform of the difference between 
two "closed" or "open" ring measurements. 

In the Fourier spectrum (see figure [H]), a clear peak is 
observed at the <&o frequency corresponding to a value of 
4 ± 2 nA for the persistent current amplitude, in good 
agreement with the theoretical prediction cvf/L. No 
measurable signal was observed at the $o/2 frequency, as 
expected when comparing the theoretical signal and the 
noise level of the experiment. The sign of the persistent 
current, on the other hand, was impossible to determine 
in a reliable way. 

This experiment proves that in the case of very weak 
disorder and small number of channels, standard theory 
gives a correct description of the persistent current am- 
plitude. Moreover, in such samples, electron-electron in- 
teractions are much enhanced due to the low electron 
density. This suggests that these interactions are un- 
likely to strongly enhance the amplitude of the persistent 
currents. 
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FIG. 15: Fourier spectrum of the magnetization of the ring of 
ref.— in units of nA. The arrows indicate the h/e and h/2e 
frequency. Open dot is the experimental noise. One clearly 
observes the signal at the h/e frequency corresponding to a 
persistent current of 4 ± 2 nA in the ring. Reprinted from 



D. Few rings experiments 

More recently, two experiments have also been per- 
formed on ensemble of few rings, either metallic or semi- 
conductor. In this case, the small number of rings (typi- 
cally ten rings) allows to check the theory concerning the 
ensemble averaging, and should allow to observe both 
the h/e and h/2e components of the persistent current. 
Moreover, in the experiment on semiconductor rings, the 
authors were able to check the effect of a connection 
(ohmic contacts) between the rings. 



1. Metallic rings 

In this experiment, Jariwala et al42, used a similar ex- 
perimental set-up as for the experiment on the single gold 
ring. The sample (see figure [16]) consists of a line of 30 
isolated gold rings of radius 1.3 um (perimeter 8 urn) cor- 
responding to a flux period of <f>o ~ 8 G 14 . 

To extract the persistent current signal from the back- 
ground signal, the magnetic field is modulated at low fre- 
quency (typically « 2 Hz) and detect at the first, second 
and third harmonic of the response of the SQUID. 

In this experiment, both the h/e and h/2e components 
were detected (see figure[l7j). For the h/e component, the 
authors found a current of I typ = 0.35 = 2.3E c /& 
per ring, in good agreement with theoretical predictions, 
taking into account e-e interactions. To obtain this re- 
sult, the authors divided the total signal by ^/Nr to 
account for the random sign of the persistent current. 



14 l e 87 nm; 1$, ^ 16 fim; E c ^ 7mK in this experiment. 
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FIG. 16: Sem picture of the sample used in the experiment of 
ref.—. a) Close-up view showing the gold rings, the niobium 
pick-up coil and the niobium field coil, b) Larger view showing 
the entire gradiometer. Reprinted from ref.—. 



This suggests that the amplitude of the persistent cur- 
rent measured in the single ring experiment is some- 
what overestimated. 

The h/2e component was found to be (In) — 0.06 
per ring, corresponding to 0A4E c /$ . This result is in 
line with the results found in the previous experiment of 
Levy et al. on copper rings, and only a factor of 2 larger 
than the theoretical predictions when taking into account 
electron-electron interactions. 

The sign of the persistent current on the other hand 
is much more surprising. In this experiment the sign of 
the average current is diamagnetic. Although this has 
been seen in previous experiments on many ring o 74 ' 75 , 
in this work the determination of the sign is unambigu- 
ous. As we have seen, such a diamagnetic response is 
quite unlikely as it corresponds to an attractive interac- 
tions between the electrons. Clearly, such an discrepancy 
between experiment and theory may be attributed to an 
unexplored physical phenomena that modifies the ground 
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FIG. 17: Magnetic response of the array of 30 gold rings of the 
experiment of ref.—. Left panel: a) Raw data (dashed line) 
and h/e contribution (solid line) extracted from the Fourier 
spectrum displayed in b). Right panel: a) Raw data (dashed 
line) and h/2e contribution (solid line) extracted from the 
Fourier spectrum displayed in b). Reprinted from ref.—. 



state of the electron gas. The authors of this experiment 
explain their result in the light of a recent theory on zero 
temperature dephasing in metals™ However, as the sta- 
tus of such theories is still quite controversial, we will not 
go further into this point. 

Finally, it should be noted that in such an experiment 
on 30 rings, both the average current, that grows like 
Nr, and the typical current, that grows like \/Nr, have 
the same amplitude. This proves that 30 rings are not 
enough for ensemble averaging, and the exact variation 
of Ityp and (In) with the number of rings remains exper- 
imentally an open question. 



2. Semiconductor rings 

Another experiment has been performed on a 
small number of semiconductor rings by Rabaud and 
coworkers 81 . This experiment has been performed on two 
arrays of 4 and 16 rings (actually squares) etched into a 
two dimensional electron gas at the interface of a GaAs 
GaAlAs heterojunction. The squares were 3 fim x 3 jum, 
perimeter 12 fim, corresponding to $o ~ 5G) 15 . Using 
an original set-up containing three different metallic gates 
(see figure fT8|) . Rabaud et al. have been able to measure 
in the same experiment (same cooling down run) both, 
the signal of connected and isolated rings. The origi- 
nal set-up also permits to suppress the signal via a gate 
and check the "zero" of the detector. This allows to per- 
form an "in situ" subtraction of the background. Such 
a technique has the advantage to measure at the same 
time both the signal and the noise in order to have an 
unambiguous determination of the magnetic signal. 

In this experiment, the authors measured a clear h/e 
periodic signal, of amplitude 2.0 ± 0.3 nA per ring for 
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FIG. 18: optical photograph of the sample used for the exper- 
iment of ref.—. The three metallic gates and the aluminium 
micro-SQUlD gradiometer are clearly visible. Inset shows a 
Sem picture of the two Dayem microbridges used as Joseph- 
son junctions for the squid. After ref.—. 



the 4 rings sample, and 0.35 ± 0.07 per ring for the 
16 rings sample (see figure fT9|) . to be compared with the 
theoretical values 2.18 nA per ring for the 4 rings sample 
and 1.09 nA per ring for the 16 rings sample. The ex- 
perimental results are in relatively good agreement with 
the theoretical values. The discrepancy observed for the 
16 rings sample may be attributed to an overestimation 
of the elastic mean free path, which is determined on 
wires fabricated from the same wafer of GaAs/AlGaAs 
heterojunction. However, the complete lithographic pro- 
cess, quite complicated in this experiment, may affect l e , 
mainly because of the roughness of the edges after etch- 
ing. 

In this work, the authors were also able to measure 
the persistent currents in the same array of rings, but 
this time with an ohmic connection between the rings. 
Measurements on both, isolated and connected rings can 
be made basically at the same time, by simply applying a 
dc voltage on the gates on the top of the arms connecting 
the rings. The purpose of this experiment was to measure 
the persistent current in a sample much larger than 1$, i. 
e. a macroscopic sample from the quantum physic point 
of view. This work was stimulated by theoretical mod- 
els that calculated persistent currents in arrays of rings, 
showing that they do not vanish, but are only reduced 
by some geometrical factor—. 

The lines of 4 and 16 rings used in the experiment 
were respectively « 60/zm and w 250um, both much 
larger than the phase coherence length. In that sense, 
these line of rings are macroscopic objects. The authors 
found a current of amplitude 1.7 ± 0.3 nA per ring for 
the 4 rings sample, and 0.40 ±0.08 nA per ring for the 16 
rings sample, whereas the theoretical values, calculated 
in refi£2, were respectively 1.25 nA per ring and 0.62 nA 
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FIG. 19: Power spectrum of the magnetization due to the 
persistent in a line of 16 connected rings in units of nA per 
ring. The arrow indicates the h/e frequency window. Open 
symbols are the experimental noise. One clearly sees a peak 
in in the "signal" curve, absent from the "noise" curve. Inset 
shows the raw data (dashed line) after substraction of the 
background and after bandpassing the signal over the h/e 
frequency range (solid line). After ref.— . 

per ring. There is obviously a discrepancy between ex- 
perimental and theoretical values. However, it should 
be noted that the theoretical model has been developed 
for diffusive (metallic) rings, which is certainly not the 
case in heterojunction rings. Moreover, coulomb interac- 
tions are not taken into account for the typical current; 
in heterojunctions, the low electronic density enhances 
strongly the interactions. 

The key result of this experiment is the fact that the 
ratio between the amplitude of the persistent currents 
observed in connected and isolated rings is of the order of 
one for both samples. This shows that persistent currents 
are basically unaffected by the connection between the 
rings. This suggests that even in a macroscopic sample, 
there should be a reminiscence of the quantum nature of 
electrons. 

Finally, it is interesting to compare this experiment 
with the experiment performed on 30 metallic rings. In 
the experiment on semiconductor rings, no observable 
signal was detected at the h/2e frequency for both sam- 
ples. At least for the 16 rings sample, this result is quite 
surprising, as the average current grows linearly with the 
number of rings. As a comparison, in the experiment on 
metallic rings, the signals at h/e and h/2e for 30 rings 
were of similar amplitude. Again, this shows that the 
ensemble averaging, in the case of persistent currents, is 
still not fully understood. 



VI. CONCLUSION 

Persistent currents are certainly one of the most spec- 
tacular manifestation of the quantum coherence of the 
electrons in a mesoscopic system: it manifests as a per- 



manent, non dissipative current flowing around a normal, 
non superconducting ring. The amplitude of this current 
is of the order of a nanoAmpere, whereas the resistance 
of the ring can be of the order of a kiloOhms, e. g. for 
the case of semiconductor rings. 

Although heavily controversial at the beginning, the 
existence of such currents is well established, from both, 
theoretical as well as experimental point of view. How- 
ever, many questions remain open, and experimental re- 
sults point out the lack of a deep understanding of this 
phenomenon. 

First the amplitude experimentally observed seems dif- 
ferent from the theoretical predictions. Most of the ex- 
perimental results are about an order of magnitude larger 
than the theoretical predictions. However, it must be 
stressed that all these experiments are very difficult, as 
they deal with the measurement of very small magnetic 
signals. From this point of view, and taking into account 
the different approximations in the theoretical models, it 
seems difficult in the absence of new experimental results 
to draw a definitive conclusion concerning the validity of 
the theoretical predictions on the amplitude of the per- 
sistent currents. 

More surprising is the sign observed in the many rings 
experiments. As we have seen, the sign of the zero field 
magnetic response due to the average persistent currents 
are directly related to the sign of the interaction between 
electrons. In at least two experiments on many rings, 
both metallic or semiconductor, the sign was found to be 
diamagnetic, whereas in the first experiment on copper 
rings, there were indications that it was also diamagnetic. 
This result is quite intriguing, as it should correspond to 
an attractive interaction between electrons. Such an at- 
tractive interaction is very unlikely in "standard" metals 
like copper or gold, or even in GaAs/GaAlAs heteron- 
junctions. Clearly, there are many open questions in the 
description of the average persistent current of interact- 
ing electrons. 

Another interesting point is the change of persistent 
currents when the sample evolves from a true mesoscopic 
sample to a macroscopic sample. Only one such experi- 
ment has been carried out up to now, and the result found 
is that persistent currents are not significantly modified 
when the size of the sample increases. These results sug- 
gest that persistent currents should be observable in a 
macroscopic objet; by extension, in the spirit of the evo- 
lution from Aharonov-Bohm oscillations to weak locali- 
sation, one may think about observing the zero field mag- 
netic response of a standard two dimensional metal. 

Finally, there are natural extensions of this problem 
of equilibrium properties of mesoscopic conductors, that 
have been largely unexplored. An interesting problem 
is a ballistic dot of different shape, ie quantum bil- 
liards. In this case, the properties of the energy spec- 
trum are no more given by the impurity configuration, 
but by the specular scattering at the boundaries of the 
sampl o 83 ! 84 ' 85 . The orbital magnetism of these systems 
should be controlled by the regular or chaotic nature 
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of the billiard, and must be understood in the light of 
the quantum chaos theory. Another point is the connec- 
tion between the persistent currents and the zero tem- 
perature decoherence: it has been proposed that the 
anomalously high amplitude of the average current may 
be related to the decoherence of the electron due to rf 
environmen t 86 ' 87 . It should also be interesting to study 
thermodynamic properties different from the persistent 
current. One example is the specific heat of mesoscopic 
samples. In a equivalent way to persistent currents, 



the specific heat should oscillate with the magnetic flux. 
However, such a measurement is certainly very difficult, 
as the energy involved in such a phenomenon is again on 
the order of the Thouless energy. Such an experiment 
would imply strong improvements in the sensitivity of 
present detectors. Finally, one subject of major interest 
at present is the possibility observing the Kondo effect in 
artificial nanostructures^. Coupling this with a persis- 
tent current measurement should allow to probe directly 
the reality and the extension of the Kondo cloud 8 ^ 90 ' 91 . 
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